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AbSt,t-*Ct: The energy densities YhiCh might be achieved in ultra- 
relati”isei0 nuc1sar collisio”s are di3cus*ed. “sing these estimates, 
promisl”g probes oP a quark-&luon plasma as it might be 9POducOd in suCh 
collisions are reviewed. I diecuss in detail the emission 0P phOtonS 
and di-le9to”s. The consequences of hydrodynamic ex9ansion and a Pirat 
order phase transition am explored POP ths t~ansv*~s* mom*ntum SPeCLrYm 
OP hadPons. Flvctuations in the ra9idity distribution of hadrons al-* 

al,c discuosed as a 9ossible signal Pot- s Pir,t ordar 9hass transition. 
The po~sibilty that co9ioua ~Pod”Ctlon of strange particles may Signal 
the production of e quark-gluon plasma ia critically assessed. 

I ahall discuss tha 9osslble ex9srimsntal 9robss of th* quark-&luon 

plasma as it might be 9rOducdd in ultra-rslativistic ““cl*ar colli~iOn3. 
1 shall concentrate on th* o*ntral r*.&ion OP collisions OP lar&* nuclei. 
A 2 200, POP head-on collisiona at sxtramaly hi&h energies, ECM IA > 50 
O*“,NUCl*Oll. A 9ict”,‘* 01 such a collirion is sho”n in Pi&. I<‘-2’ At 

some time r. aPtor th* tYO 
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uhsrs Y is a 9artiole "elocity, t is the time measured Prom the initidl 
time of the collision, and x is the lo"&itudi"=l coordinats measured 

Prom the position of the colliSiO". This correlation betwee" momentum 
and s9=ce-time persista =Pter the time 1" as = c""s*q"s"c* 0P the 

hydrodynamic equations, and may be take" to be valid Par all(;;mss. 
The energy density "P matter =t th* foPmstion time r. is 

(2) 

This result has bee” used to ==tim=t= tha e"=rgy de"=ities achieved in 

th= ultra-relativistic collisions observed by the JACEE cosmic ray 
e~periment!~ IP Cmt> - .4 Gev and T" - 1 Pm/c, the dN/dy distributions 

observed Par intermediate A "uclei sxtrapolated to heavy nuclei such =S 

uranium 9radict *"*r&y densities 01 5-10 Osr/Fm3. Such *"*r&y densities 
(4) may be suPPici*"t t" produce a quark-&luo" 9lasa=. 

Recent results for hadron-nucleus collisio"s~~;dicate that the 

formation time y. - 1 F&c may b= = little large. The dependsnca Of 

the energy density oP Eq". 2 upon r. is sot trivial. By the 
UnC*Ptai"ty principle, 

tmt> ? l/l, (3) 

so that 

Since the energy d="=ity of a quark-@Jo" 9lasm=~scalea a= T4 Y:T;= T is 
the temperature, and the maximum achieved tem9ersture is T - f. . 

I" = "ice analysis 9reso"ted by D. &isiel*Ysk=, th* possible values 

are extracted Prom hadron-nucleus and le9to"-"ucleu~ *x9*rim*"t=l 

Et:?6 ) The range of values consistent with this data are determined to 

be l/5 < r. < 1 Fm/c. The preferred values =P* 112 - l/3 Fmlo. (It 
should b* noted that in string q od*ls 0P "UC~*~S-"UC~*UJ COlliSiO"S, the 

PorUtio" tim* d*p*ndS "90" A, aad may M considerably S.t;;*r PO,' lap&* 

A ""alai the." is the case for hadron-"UclaUa ~olll~iO"~.) Ii we 
oonsidsr a i-an&e l/20 < T= < 1 Pm/c, the ccrrss9o"di"& *"*r&y d*"siti*S 
and tem9*r=twes =P* P - 5 - 5000 Gev/F3 and T - .2 - 1 G*v. 

Another mathod of estimating tbs e"er(n densities achiaved in ultra- 
relativistic nuclear colli=io"= h=, bee" advocated by Hatsui and 

Gyulassy!" They make use of the observation that the rapidity density 

$$ is C"nS*r"ed in ise"trO9ic cx9="Si"". The hydrodynamic equations may 
be integrated backwards from th* final tin* at which the system breaks 

u9 to the initial tima r . They derive (8) 
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P - 1.6 {A $*‘= 
0 

(5) 

The difPere"cs between this eStimate and that oP Eqn. 4 is that the g 
distribution quoted here is thst 0bS.rv.d 1" the Pi",1 State, Yh*r*SS i" 

Eq" . 4 it is only the initial rapidity density "bich s99*ars, Sod this 
might b* cha"&*d if the systsm produces e"tro9y SS it expands. Usually 
it is Sss"m*d thSt ths SyStem th*rmSliz*s St POPmStiO", thSt is, the 

formStic" time 1, of tb* order of the collision time and that the 

initial distributions Sk-e close to thermal distributions. I" thiS 
ciroumstS"ca, it Should be P fair S99roximStio" to treat tb* ex9a”sio” 

as isentropic, Snd tb* initial rapidity d*"Sity may be identified with 
the final one. In general, this cannot be true since Eqns. 4-5 do not 

agree. FOP practical p"P9oseS. the s&rceme"t is quite &cod how*vet-. If 

the formation time "ari*S between .1 and 1 Fm,'the eStimSt*d *"*r&y 

denSity varies by WC ord*rS of mS&nituds, YhcPs the difference between 

th* two difPersnt estimateS WiSS Only by S f=CtOr 3-5. AS OFd*r OP 
ma&nitudS estimatea, either relation iS acce9table. 

II on* reguir*s that the Syst*!= instantly thermSliz*, the" both 
Eqns. 4 and 5 must be valid. This can only be true if the formation 

tim is A d*)pe"d*"t. A" estimate of this de9ande"oa iS 

7 - ,4 A-1/6 _ .6 A.-=13 (6) 

For heavy nuclei. rormation times of .I-.2 Fm would be co"Sist*nt with 

eitbar relatio"shi9. 

If th* formation time is small and if th* Pormation tins is of ths 
order of th* collision tin*, then tb* conditio” that tha System be 

thermalizad and ex9S"d Sooordi"& to th* equations of 9erfCct fluid 

hydrodynanics, that is, "on-viscous hydrodynamics, s**mS on much Pirmsr 
&round than is tb* case ?or lar&er formStic" times. Notice that 

accordin& to th* hydrodynamic equationS, th* i"itial time and 

tam9erature and th* Pinal time and tem9erat"re Sre related SS 

If the initial temperature is 250 He", the tine the system takes to 

cool to P tem9eraturs of 150 MS" is only a P'actor of- Pivs timeS th* 
initial time. IT the i"itiS1 tsm9srSture 1S S Paotor oP two lar&*r, 

thiS ratio increSs*, by "early an ordS)P OP magnitude, and bydrod~namic 

methods Sre 9robably on S som*"bSt better foundation. 
Since the width of tba Pra&m*"tatio" rs&ion is &iv*" by 
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yerag - 1” R,,,/r, (8’ 

ex9arimental maasur+mc"ts of the width of this region may aid in 

* r*aol"tion of To. Such a measurement might be to determine ths 
ra9idity diStributiO" of baryons minus anti-baryonr, Fig. 2, or 
I+-.- n~csons, Fig. 3. The values of ECN/A requiwd to produce 

Ay-Ay, + LNIR/TO) 

PIQmS 2 ‘%dy PW prOtDn .iS”S .“ti-Pro- 

I, \ / \ 

FIWSS 3 dS,dy For e* ml”“. W- 

case that these me*S"r*m*ntS *,'e useful for this 9ur9ose has not been 

made si"c* hadronic final state i"t*r*ctio"s 9robably obsc"re a st"dy of 

the form*tion 9r0~ess. Pion interferometry is probably most useful for 
studying the space-tima dynamics of the h*dronlzatlon 9rocesa, or the 

(9-10) break-up of the *y*t*m a* it friezes out of the-1 *quilibriUm. 
Assin, th*F* h** b*e" little theoretical a"alyais of this problem. 

Ths formation time f. might be messwed and the validity of the 
forutio" tim* idea might be taatsd in hadron-nucleus colllriO"s. As 
mentioned above, d*ta a"*lyz*d by gusz. *"d Goldhabsr suggest th*t at 
available fixed t*rget ensrgirs, 9rojactil* hadrons are sto99ed much 
HOP* efPici*"tly th*n might b* expact*d(;om *II inside-outaids c**c*d* 

9ictwe with a form*tion time ~~ - 1 Fm. The Kisielewska analyaia is 
consi*t*at with an inside-outside cascade picture if formation times 

(6) somewhat smaller than 1 Fm are assumed. Also, * "er method of *"*lysis 
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has bee” developed by Bialas to measure the Po~m,tio" time Por ha4rc"s. 

a tine whi;~,;hOuld be 1o"Ksr than the matter formation time for quarks 

and gluons. When brryo" 9roductfon is analyzed, a baryoo Porutio" 

time of 1.5 t .5 Pm results. 
There IS at Present no consensus on methods ior analyzing data from 

hadron-nucleus colliaor+~ and extracting a matter formatiOn time. A very 

prOmisi"& idea has been put forward by tlva who s"&&SSts that the 

deviations QP hadron-nucleus ac.tterin& Pro. hadron-hadron lo the hrdron 

frS&mb"tstlO" re&io" m.y cleanly isolate the ePPeots of m.tter 
r0rmat10*!'2) The argument is that within the context of a" inside- 

oUtside cascade model, the ~robablllty that an iaelastioally produced 
particle Po,'ma inside a tar&et "u~lsus is small if the 9WtiEle is very 

energetic. The probability OP reScatterin& is P - e-=" VhemS A is the 

mea" free path Par reocatternig. This meen free Path is rou&hly the 
distance it tskes . particle to fcro. since "90" forMtiC" 1" the 

taPget, lt has a large !Xobabillty to rescatter, so that 

Since thb particle h.s only a am11 cha"Ce to reSCattOr, its 

modificrtioo to hadron-hadron distributio"s,6F, should be small and 

coaputabls in a single rascattering appTOximatio", 

A detailed, but still co"trorarsi.l a".ulyrir b, Zahir and Bus gives L A 

which is consistent with th. time dilation expected in the inside- 
(12) oUtside cascade modal,. 

On the other hand, Glaubsr theory type models s"oh aa those employed 

by Kspusta and Csemai, and by Won& also seam to fit some of the hadron- 
""ileum data, and such models would be i"consiste"t with inside-outside 
cascade models unless’the formation time was very small. (13-14) 

A 9ro9er resolution OP these theoretical models may require more 

experimental data. Experimants with Blab - 10 - 1000 Ger, for a wide 

range of A, including hadron-proton and hadron- dauterlum, would be 
useful. A wide range of xi la probably beat for the type of analysis 

suggested by 8~r,!'~) but if good cascade WdelS 01 hadronic l"te~aCtiO"S 

are derelo9sd along the lines of Kapustr aad Cse,'".i and of Ho"&, the" 

coverage of the central and tar&et fra&ms"tatioa rasions arw also 
"ec*ss*ry!'3-'4) The data on tar&et, of VS~~OUS- A i"cludl"& DPOtQ"S a"d 

deuterium should come from the sama experiment to sort out systematic 

experimental biasis. 
The study of the time development of the hadronio matter 
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distrlb"tiCn of matter as it is prOdLIce* in ultra-relativistic heavy icll 
ccllisicns has bee" initiated by the hydrodynamic ccmputaticns of 
Bjorken$" (15) by Kajantie, Aaitio, and Ruuskanen. I" these c0mputati0*s, 

the longitudinal expa"sic" of the matter is studied. I" the 
computations of Kajantie et al, the Fragmentation region as well as the 
central region is simulated. 

Bialas et al, 

I" later computations by ;y%",",; al and 
the tra"svcrse expansion is also Computed. - The 

hydrodynamic trt)atmeCt concludes that For Formation time ~c - 1 Fm. 
eriet'gy de"Sitie.3 of 2-10 GsvlF.3 may be Obtained in the central region, 

and O-2 Gev/Fd at varlcus rapiditias of the Fragmentation region, with 
smallest values at the largest values OF Feynman x. The compression OF 
the baryc" number density in the Fragmentation Pegic" is O-2 times that 

OF ordinary nuclear matter. The tra"S"erse expan~icn calculations have 

been done only for the central RgiC". Such expansion Ccnsists OF 

tra"s"erse rarefraction and takes place over time scales larga Compared 
to longitudinal expansion For large A z 200 nuclei. 

In order For the hydrcdy"amtC treatment to be valid, the mea" Free 

paths ICr quarks and gl"C"s muat be small compared tc the spatial 

dimanaiona CF the matter produced in the collisio". Detailed 

computations seem to verify such a treatment For large A nuclsi. (18-19) A 

much acre atringaot test OF the validity of perfect Fluid hydrodynamics 

is that tha collision time be small Compared to the longitudinal 
expansion time. Estimates of the collisio" time for appropriate energy 

densities are rC - .1-l Fm. Since a hydrodynamic treatment is valid if 

T 1 TV, the i"tPi"sic MTOP la these ccmputation., does not allow a good 
resOlUtiCn of the, time after' which a hydrodynamic cceputatic" is 

reasonable. At the very leaat, viscous corrections to the perFcct fluid 
hydrodynamic equatic"S arc pPCbably impcrtant at early times in the 

hydrodynamic expansion, and there is certainly substantial entropy 

productio" For T - rc. 
Some measwe of the degree of tbermalizaticn and the validity cf a 

(20' hydrodynamic tx'eatment htive been Suggested by Shuryak. I" the 

transverse expansion OF the mattei- produced in nuclear collisions, a 

transverse Flow wslocity develops. Particles of all masses Flow with 

the velocity oP the fluid. The mcrw massi"e paPtiCles therelore have 
their traCs"srss mcmentum enhanced more relative tc lighter PartiCles. 
A detailed treatment CT this problem using the methOda developed in 

Raf,. 16-17 would be useful. 
If there is a first crder pbaas transition in hadronic matter. the 

transverse mcmentum distribution OF badrC"S may be drastically altered. 
Following Shuryak, the transverse riomentum distributions reCBi~e a 

contribution due tc tPansvers0 hydrcdynamic expsnsion, and a thermal 
contribution due to the breakup OP the systes at some temperature 
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T!20-21) 

<Pt> = <Pt>hydrC + <Pt>thermal (10) 

The hydrodynamic ccnt~ibuticn arises from work which is done on 
constituents of the matter as the matter is driven into the vacuum. 

This work i.~ pPcd"ced from the Pressure differenca Of the matter and the 

YBCUUID. Consider ths work done as a function Of the energy density 
achieved by the matter in a nuclear colliSi0~. As the energy density 

increases, the pressure will inc~mase except when the enewy density is 

in the region of a mixed phase of hadrcnic matter and quark-gluon 
plasma. FOP such energy densities, the pressure remains Constant, as iS 

show" in Fig. ila. ns the pressure increases, the transverse momentum 

due tc hydrcdynamic expansion increa88.3. In the region of the phase 

tr*nsition, the pressure remains Ccnstant, as does the tPanS"Br'Se 

momentum of hadrcns. 
This general feature of the hydrodynamic expansion coupled with a 

dE/dy 

FIGURE 9b <Pt> v, dE/dy 

ph8,e transition may be 

L 
~‘**nn IU explored by plotting 

'L" 4 IN.L.*UI q easursd transverse 

achieved energy densities, 
I"..Cl*w.lm 

%+.C2O,.W as is shown in Fig. 
4b(20-21) 

Such a plot has been made 
u-*r~Qws w,.*IIwu by the JACEE cosmic ray 

collaboration, and 1s Shown 

in Fig. 5!22) Although the 

inferred energy density is 

01 I , 80 
,&, 

0 d somewhat model dependent, 
l . the sharp break in the 

FIWRE 5 tr*"S"*PSe momentum 

<pt, IS dE,dY a, q e*s”P*d by JACEE erperiant distribution is quite 

suggestive. 
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Studies by Heinz and by Bialas and Czyz suggest that color plasma 

oscilations may play an important role in "on- equilibrium processes 
early in the expansion of matter prodwed in ultra- relativistic nuclear 

Colllsions!23-2~~ A typiCa Cclc~ oscillation 1s Show" In Fig. 6. In 
such a" oscillation, the local Color Charge density is analogous to the 

electroma,qnetic charge 

density in the electrCmag"etlC 
PlBSD(L oscillation. For the 
oscllletion shown 1" Fig. 6, 

q-4 both a color and electromagnetlo 
-4 q oscillation is set up, and soft 

zq electromagnetic radiation may be 

-ij q- emitted from the oscillating 

Charge density. Bialas and Czyz 

PIWNC 6 * 0010r plasm oseill*tim estim*te that for a "at 

unreasonable Spectrum of color 

plasma oscilatlons which may be 

characteristic of ""clear collisions. a SubJtantlal ~ractXm)of the 

hadrcnic energy may be emitted io low pt photo" radiation. 
Electromagnetlo probes of the nuclear collisions may be 

ChaPaCterized by the value of the tra",vez'se mass, Ht i (p$ + Hz] . For '/2 

dl-lepton and photon transverse masses ?!t 5 R,:C - 30 He;2;C~6~ranlum, 
the photons and dl-leptons are coherently produced. - These 
.mrticles may be co~~cusly prodwed in the nuclear fragmentation 

regions, OP in the ce”tra1 re&x, by flucturtions In the charge 

distributions of mesons. Detailed measurements of these dlstrlbutlonS 
in correlation with measuremeats of the Ctxarge distributions, $+ I m=Y 
probe the electrcmag"etic plasma oscillet~on, since as a CCCseq"e"Ce Of 

this oscillation, radiation with frequency less than the electromagnatfc 

plasma frequency is stongly absorbed. The detailed computation of this 

absorptioo is complicated by the finite size of the matter produced I" 
nuclear collisions, and 91°C~ the matter density is P decreasing 
flmCt10" or time, the plasma frequa"cY 1s time dependent. 

I" the central region, these coherently produced low trm"sYe=Se mass 
@mtone are generated by chwge fluctu~tianr. In order to have a large 

"umber of plmtons, a large Charge fl"~tuatiC" m"3t be generated. At 

sufficiently small pt, however, the caherently produced photons will 
dcmi"ate over those arisl"g frCm hadrcnic decays. In the fragment*tlon 
region, the "et charge carried by the projectile nucleus generates a 
large "umber of low pt photons. (25-26) The total number is Ntot - 2% 
&ES& , where Z 1s the total number of struCk nucleons, and olaax and 
$$-e maximum and minimum observed frequencies. These llmitlng 
frequencies are determined by deteCton and backgrounds. Typically the 



maximum IrSquency is limited by 1 * decay photona and is u - 15 Mev In 

the Pest frame of thS Struck nuc1SuS. The low frSqu8ncy cutoff Is q CPS 

difficult to estimate. The ssntitivlty of this result to Z suggests 

that measurements of theSe low pt photons may provide a good impact 

parameter meter. The number and distribution of these emitted photonS 

may SlSo be used to Infer the rapidity distributions of charged 
particles. The total number of photcras emitted In P reasonable 
frequency range lor reasonable eslmates of the rapidity diStrlbutiooS of 

cbSrged pSrticles in head-on colllslcns CP large A nuclei Is Ntot - 50 - 

500. PhotonS emitted from a beam projectile nucleus, 07 from colliding 

nuclei *re In a small angular region be f l/r uhepe 7 is the LOrent Y 

factor or the nucleus. The energy of these photons IS E - ‘lu. For a 

100 Cev bean, a reasonable Pang8 of these parameters Is be < .6c and E < 
1.5 Gev. 

For larger values of the transverse mass. photons and di- leptons 

may bS approximated a5 elemantary probes with mean free paths large 
compared to the size of the matter produced in a nuclear cclllslcn. 

Such probes have advantages cvsr hadrons. since hadrons strongly 
interact and their distribution Is charaot.ePlstlc of matter either at 
the surlace or at late times when the matter la at such a low density 

that hSdrcnS aeaSe Interacting. Photonr and di-leptcns probe the matter 
(27) at early times when it is hot and dense. 

A sYst8matlc Study of photon and dl-lepton prcdwtlon may start with 
a study of the thermal expectation value CT the electromagnetic curr8nt- 

(27-29) current correlation Function, 

W”“(q) x I 4% eiqx <J”(x)J”(O)> (11) 

The Pate Car thermal emission is related to this structure function as 

Rate/Volume - e 2 L’“(S) u”“(q) (12) 

where L’* is a computable lepton pclarlzntlon tenSoP. 
The properties of Yuv a.pS formally very similar to that of Y”” for 

damp lnelastlc scattering of 1eptonS from hSdronS. The only difference 
19 that there is a th8rma.l expectation vale hSre Snd not the matrix 
element between proton atatea, and that the photon mcmantum 1s either 

timelike or lightlike, not spacelike. The fluid roar VelcCity UY Is a 

timelikS vector analogous to the proton four momentum of deep ln8lastiC 
scattering. Because of these formal similarities, U”” May be written In 

terms of invariant strwtwe Functions A Sad B as 

y’” i [&“- q”q”) A(q2,u+q,T,A) + [g’“(u.q)2 - 
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(uuqv + uvqu) ueq + uyuyq2j e(q2,u.qsTsA) (13) 

The 4CD scale parameter A is written explicitly in this equation. 

The properties of this structure for large q may be studied and 
scaling behaviour analogous to that for deep inelastic scattering 

functions may be extracted. At very high temperatures, T/A >> 1, these 
structure functions may be computed in perturbation theory. In the 

large q limit, a detailed analysis of the asymptotic behaYloUP of A and 

B gives 

A + eeuoq It ((u.q)2/92,BA,q2/A2) 

B + eAuoq E ((u*q)2/q2,EA,q2/A2) 

(14) 

(15) 

Here 8 i l/T. In the limit of large temperatures, the structure 

iunction B vanishes. The asymptotic scaling properties of A and g shown 

in Eqns. 14-15 is called thermal scaling. The Ecltzmann weight factor 
*BUY and the dependence upon (u*qj2/q2 are different than that of Y1.2 

, for deep inelastic scattering, which has no uelght factor, and Is a 

function of the Bjorken x variable, x i q2/(p3). 
The structure function Yuv must be folded into the hydrodynamic 

equations before experimental distributions of photons and di-leptons 
may be computed. I shall only state the results of such an analysis 

here. FOP photon and di-lepton transverse messes large ocmpared to the 

temperature, the photon and di-lepton rapldlties and transverse masses 

are closely correlated to the rapidity of the plasma from which they 
were emitted and the temperature of the plasma at the emlsslon time. 

Direct computation gives 

yphoton - yplasma (16) 

% - ($; l ; 1 T 

where vs Is the saund velocity of the matter. FOP sound velocltles 

characteristic of an Ideal quark-glucn plasma, 

nt - 6.5 T (18) 

and the assumption that the transverse masses are large compared to the 

temperature seems a posterior1 justified. For temperatures of T - 100 - 

500 nev, transveme masses of Ut - .6 - 3 Gev ape emitted with greatest 

strength. 
The absolute rate for photon and dl-lepton eafssion Is extremely 

-,u - 



sensitive to the maximum temperature achieved In the collision and to 

the sound velocity of the hadrcnic matter. Roughly three order3 of 

magnitude result from each of thee0 uncertainties. Probably, the rate 

for dl-lepton production is 1 - lo4 crdePs of magnitude times the Drell- 

Yan Pete extrapolated twthls mass region. The uncertainty In the total 

rate is reflected in the A dependences CP the total rates. A 
meeswement of the A dependence of the total emLsslon rate provldea a 
check on dynamical assumptions used In computing the thermal emission 
sped.rm. 

The shape of the emlsslcn spectrum of dl-leptons 1s quite different. 

from that of Drell-Tan. The dlmtrlbution is a pure power of Ut If the 

plasma acquires a large enough temperature, 

(7) 

As a consequence, the' transverse momentua and the mees of the di- 

lepton paire are strongly correlated. The StPuotwe function 

for di-lepton emission from a high temperature plasma, 
Corrected for expension Involves only one etructure function, 

"P" - (q2g"" - 9'9") 0, (7) 

AS a ccnsbquence of the correlation between temperature and 

transverse mesa, eny discontinulty as a EXnctioa oP temperature also 
appears as a function of tr*aev*rse mess. IT there 1s a first crdsr 
phase transition, the slectrotignetic current- current correlation 

functLoa should be discontlnous 
across the phase transition, and 

this may appear as P 
discontinuity in the tPanevers8 

mass spectrum as shown in Fig. 

1. If the system exlste in a 

mixed phase for a long time, the 

therm*). emlaslon Spectrum will 

attain e Contribution of 
9 

PIamE 7 
.-4'Tp.t. , since the mixture of 

- plasma and hadrCni0 matte? will 

A psible twweree ~cton - dietributioe emit at the phase trenslticc 
temperature Tp.t.. 

The physics which may be studied by photons and di-leptons Is 

characterized by transverse mess values. The range of Ht - .6 - 3 Gev 

may be dominated by thermal emiseion. For very 10" E(t values. coherent 

emlssicn prcceeses dominate. For masses 30 Mev < M < 200 Hev, the 
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effects cf cchersncs begin tc subside, and incoherent productlo" 
procssses begin to dominate. In the region 200 5 Mt 5 600 He", 

incoherent PrcCeSSeS Should dominate. I" thSSI) low mass regions it 

might be pcssib~e tc probe the effects of chiral Symctry 
r*st0r*t10*!30) The rate of production Of such lcw tra"s"erse mass 
pw'tloles might bs very SSnSitive tc the Constituent quark mSSsSs, Si"CS 

the di-leptcn production pr-CcesS 

q 
e ,houn 1" Pig. 8 vanishes below 

H 

the threShold q* < 4.:. The 

outstanding problem in thiS low 

mass region is resolvi"g 
background prcCsases arising 
from hadronic decay=. A 

thcr'cugh thScrStica1 analysis Of 

a 
z backgrounds and a ccmpS~iSC~" 

with emissions from a qunrk- 
YIU~RE (I hvrk snsihll.tios into lSPt0" W1J.S glut" plasma hSS not yet bee" 

carried cut. 

At large trnasveme masses l-5 < Ht 5 lo-20 Gev, there should be 

corrections to the mu-ran emission rates arising from ths pre- 

equilibrium distributions of quarks and gluona. At present a theory of 
the&S distributlo" iS lackiog, but the development of SUCh a theCry IS 
necessary to put the prcduCticn of a quark-gluon plasma in ultra- 

rclatlvistio "uolear colllsio"s co a stable foundStic". 
At trS"SverSe masses Ht > lo-20 GSV. the Droll-Ya" process Should 

dcminats. 
Ths production of strange partlC1SS has long bee" SuggeStad a= L 

signal for the prCduCtic" of S plasms. (31) The ratio of StrSngS tc "cn- 

strangs anti-baryons might retain scms tPaCe of a" abundance of Strange 

quarks and anti-qurks prcducSd in I plaama. This co"clusiC" is c" 
somewhat shaky ground SinCe in ths hydrodynamic expansion of the plasma, 
the strange q"SPks and anti-quarks may bScCme diluted. Also, a recent 
ocmp"tatlo" of Rsdlich suggests that the abundance of Strangeness 1" S 

hadPonic gaS may not be SC far diffsrent from that of a quark- glU0" 
p1aau.(32) A proper thScrStiCS1 SSSeSma"t of StrS"ga"eSo production 

probably wads "on-psrturbative input from 1Sttice Monte-Carlo 
ccmputaticns. and a thcrcugh aoalysls of the affects of hydrodynamuc 

SXp*"SiC". 
Charm particle production may also b.S important if sufficiently high 

plasma tempSPSt"PeS SPS achieved, T ? 500 Ma'. (33) Corrections due to 

hydrodynamic eXpSnSion arc, probably less impOrtant For Charmed PaWACleS 

than for stranga particles SincS the charmed quark hadronic CrcSS 
section is Small S < 1 mb. 



An extremely spectulative expwimental probe Cf quark-gluon plasma 

production may be in multi-particle correlations, and in large scale 
rapidity fluctuations. Such cc~relaticns and fluctuatic"S may StriSS a, 

thS !x.tter participati;;4';6; nuclear collisicn tries to negotiate a 

first Order transition. A variety of scenarios are PcSSible ~11 of 

uhiCh l"vClvs the prcductic" CI' large ScSls dS"Sity Fl"c"atic"s cYSr 

rapidity intervals by 2 1. I" thS ccllisicns of heavy "uflei, Such S 
rapidity intsrval may Include savsral hundPed to several thousand 

particles, and large scale Fluctuations should be Separable From 

StatiStiCal rl"Ctu*tic"S. ThSse dsasity FluCt"atiC"S may he gensrated 

by superhesting, Supsrcccling CP the spincdal dSccmpositic" of ths 

PlaSma. They might cCCur in harYan, anti-baryc" Or mSS0" 

distributio"s!37) Thera might also be pt enhancements if the density 

FluctuSticnS are aCCcmpS"iSd by hurniog or Sxp1csi~S phencmsncn. 

Bsckgrounds S"Ch PS jet prcd"ctiC" ma, be ruled cut by the Szimuthal 

angle diStributic"s. 
The rsstcraticn of chiral symmetry may have striking consequences 

For the widths and masses of rescna"CSS produced in a quark-Won 
plasma!3g) Since the chiral symmetry tra"sitiC" is expected to bs 

abrupt, the q SS,SS and PSSC"P"CSS may abruptly change their charSStar SS 

thS energy density achievad in S ccllisic" increases. Ccrrelatic"s Of 
dll thS type described For <pt> VS F may bs uasful here. Also, a"cmalcualy 

large barycn CP anti-barycn~producticn might accompany chirP1 SYI=aetPY 

restcration. As a chiral symmetPiC world CoClS through a IlrSt order 

phaSe transition, light maSS baryons in the chirally aymaetric phase 
might become clustered into 

plasm dPcpletS, SS shown in 

Fig. 9. The larga Seals 
density ~luctuaticns which 

charSctsriza IirSt ardor phase 
transitions might appear as 

YICURE 9 large scale FluctuationS in the 

urg. sc.1, density Iluotuatlona In the Pl- 
rapidity distribution of harycns 

and anti-barycns. 

The distribution of jots produced ia ultra-relativistio "UcleaP 

ccllialc"s may prcvido prohSs of the space-time evolution of the plasma, 

and the mSttSr distribution produced in the cC11iSiOC. For example, the 

0Ccu~SncS of single jetr, where one jot haS bee" SbSCPbSd as it passes 

through the plasma, show" 1" Fig. 10, provides a measure of the mSP" 
(39) free path of quark9 and glucna 111 hadrcnic MttSr. 

Various speculatlcns concerning the existence of Sxotic stable or 
metastable forma of matter have bee" suggerted. Examples are Lee-Uick 

matter!“0) stable or q StSstSble droplets of chirally symmetric Strange 
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33 
q atter(41-43) or charmed 

P matter!44) and even metestable 
Higgs m*scn matter!45) Also, 

is arguments have been pPopcsed 
that Free quePk* might be easier 

to produce in nuclear ccllisicns 

than in e+.- or pp 
ocllisicns!46) The precise 

p1ougg 10 smg1s ,.t PPodUCtIo” “*tare and the probability that 

Such mtter 

exists a-e diFFicult to det*rmine, but the revolutionary charact*r OF 

its dieocvery justifies a generic seerch. Hints that suoh “*Y Forms of 

netter exist in cosmic rays hew long been suggested by mountain-top 
(47) emuleicn chamber experiments. Such new Forms of matter Fcrtunetely 

have generic charactaristic* which dlstinguiah it From ordinary nucleer 

q *tt*r. For Free qullrks, the cherge is a signature. For particle* 
whose production is ae*oCieted with a ccn*erved quantum number, the 

exotic particlea should he produced in pairs. In general, the charge to 
mase ratio* of exotic particles should beer no simple ralaticn to that 
OF crdinwy nuclei. The penetrating power and Crces sections 8rt in 
general dlffercnt for crdinery particles with the same P or P/A. IF rn 

exotic particle decays. the multiplicity might be ancm*lcu*ly large, and 

the pt dlstPibuticn might not he typical of either a nuolaw break-up 01 

a hedrcnic i”teractlc”. Since the exctio particle may carry charge, 

str**ge**,s, or barycn “umbsr, the Flavor ocmposLtic” and charge to 

neutral ccmpcsticn OF the floe1 state may be a”caclc”s. Secondaries OF 
the decay m*y al*0 themselves h*v* ancmalcus i”faraCtlone Or decays. 

ReFersnces: 

(1) J. D. Bjcrken, Phys. Be”. D27, 140, (1983) 

(2) K. Kajantie end L. NcLerra”, NW. Fhy*. 8214, 261, (1983); Fhys. 

Lett. 1198. 203, (1982) 

(3) T. Burnett et al, Phys. REV. Lett. 50. 2062, (1983) 
(4) See Procsediaga OF Pu*rk N&tar 86, Helsinki. Finland, (1984) 

(5) u. Busza and A. Ccldhahsr, Phys. Lett . 139B, 235, (19’34) 
(6) D. Kisislewska, Crakcw Univ. Preprint (19841, to be publiehed 

in Act. Phys. Polo”. 

(7) ti. Ehtamo, J. Lindfcrs, & L. ncL*rra”, 2. Phys. ClB, 341, 

(1983) 
(8) n. Gyulaasy and T. Matsui, Phys. Rev. D29,419, (1984) 

- 14 - 



(9) A. Gcldhaber. Nature, 275, 114, (1978) 

(10) H. Gy”l*ssy. s. K. Kauffman”, and L. U. Yilsc”, Phys. 
RSY. CZO. 2267, (1979) 

(111 A. Bialas, Max Planck Institute Preprint, WPI-PEA-PTh-33/84, 

(1984) 
(12) R. Hwa end “. S. Zahir, ““iv. of Oregon Preprint, OITS- 

256, April (1984) 
(13) R. We, Phys. Rev. Lett. 52, 492, (1984) 

(14) J. Kapuste, Phys. Rev. C27, 2037, (1983); L. Csemai and J. 

Kapusta, Univ. of Hinneecta Preprint, UMNTNP-70/1984, (1981); C. Y. 
Wang, Phye. RCY. Lett. 52. 1393 (1984) 

(15) K. Kajentie, R. Raitic, end P. V. Ruusksnen, Nucl. Phys. 
8222, 152 (1983) 

(16) A. Bialae and U. Czyz, Act*. Phya. Polo”. 815, 229, (1964) 
(17) 0. Baym, 8. L. Prima”, J. P. Blairct. II. Scysur, and Ii. 

Czyz, Nucl. Phys. A407, 541, (1983) 
(181 A. Hoscya and R. Rajantie, Helsinki University Preprint, HU- 

TFT-83-62, (1983) 

(191 P. Da”ialcwicz and H. Gyulasay, LBL Preprint, LBL-17278, 

(1984) 
(20) E. V. Shuryak , Phys . Rep. 61, 71. (1980); E. V. Shuryak 

and 0. V. Zhircv, Fhys. L&t. 898, (1979). 
(21) L. “an Hove, Phys. Lett. 118B, 138, (1982) 
(22) 0. Hiyamura, Prcceedingr of Quark NettaP 84, Helsinki, Finland 

(1984) 

(23) U. Heinz, Phys. RSV. L4tt. 51, 35’. (‘983) 
(29) A. Bialas and Y. czyz, univ. of Crakcu Preprint 

(25) J. D. Bjcrken and L. Uclsrran, Fermilab-Pub-84/35-T 

(26) J. Kapusta, Phys. REV. c15. 1580. (1977) 
(27) E. L. Fsinberg, Hucvc Cim. 341. 391, (1976) 
(281 E. v. Shuryak, Phys. Lett. 788, 150, (1978); Scv. J. 

Phys. 28, 408, (1978) 
(29) L. WcLarran a”d T. Tcimela Fermilab-Pub-84/84-T 

(30) J. Rapusta, Phys. Lett. 1368, 201, (1984) 

(31) J. Rafelaki A 8. fWllsr, Phys. REV. L&t. 46, 1066, 
(1982); 2. S. Biro. 8. Lukacs, J. Zima”yi & 8. Bars, NW. Phys. 

A386, 617, (1982) 

(32) K. Redlich, Technische Hcchschule Darmetadt PrePPint. IKDA 
a4/12 

(33) J. Cleymans, Phys. Lett. 1278. 375, (19781; J. Cleymane end 

R. Philippe, 2. Phys. C22. 271, (1984); J. Cleyuns and G. 
Venderza”da, Bielefeld Preprint, BI-TP-84104, (1984) 

(341 L. van Hove CERU-TH-3924, June 1984; 2. Fhys . c21, 193. 

-u- 



(1983) 
(35) H. Gyulassy, K. Kurki-Suonio, K. Kajantie. and L. McLarran, 

NW. Phys. 8237, 411s (1984) 

(36) 3. Kapusta, Univ. Of ninnesclta Preprint, Print-84-0134 Jan. 

(1984) 

(37) T. DeGrand Univ. of Colorado Preprint HU-TFT-84-20, Aug. 

(1984) 
(38) R. Plsarski, Phys. Lett. 1108, 155, (1982); R. Pisarski and 

F. Uilczek, Phys. ROY. D-29. 338, (1984) 

(39) J. D. Sjorken, Fsrmilab Preprint. Fermilab-Pub-82/59-THY, 

(1982) 
(40) T. D. Lee and G. Uick, Phys. Rev. D9, 2291, (1974) 
(41) J. D. Bjorken and L. D. HcLerran, Phys. Rev. DZO, 2353, 

(1979) 
(42) *. Kerman and S. A. Chin. Phyb. REP. Latt. 93, 1292, 

(1979) 
(113) E. Witten, Phys. Rev. D30, 272, (1984) 

(44) J. Klosinskf, RiVers state university Preprint, (Port 

Harcourt, Nigeria) RSUST-Physics-83/l. (19631 

(45) R. Mackenzie, F. Uilczak. and A. Zse, ITP at Santa Barbara 

Preprint, NSF-ITP-84-99 (1984) 
(46) G. ‘. Show and R. Slansky, Phys. Rev. Lett. 50, 1967, 

(1983) 
(47) C. M. G. Lattea, Y. Fujimoto, and S. Hasegawa, Phys. Rep. 

65, 151, (1980) 

-l6- 


